The frontier molecular orbitals, UV-Vis absorption spectra, charge transfer (CT) and triplet excited states of 12 expanded D-A porphyrin/benzoporphyrin complexes were investigated using the density functional theory (DFT) method and time-dependent DFT in this work. The results showed that thiophene was an effective fragment for absorption of 'long wavelength', while the benzoporphyrin worked on the 'short wavelength', which was derived from its saddle-shaped structure; this expanded D-A conjugated system had a mild CT process with anthraquinone/isoindigo as acceptors and a strong CT process with naphtoquinone as acceptor. In addition, based on the simulation of the triplet state, the theoretical phosphorescence wavelength range of this series of derivatives was between 1000 and 1200 nm. This study is expected to assist the design of conjugated porphyrin for the field of porphyrin chemistry.
Introduction
Since the discovery of porphyrins (first reported by Woodward [1] ) for the first time in the 1960s, porphyrin derivatives have attracted wide attention from researchers. Owing to the adjustability and diversity of porphyrin structures and their rich physical and chemical properties, researchers have applied them to the fields of sensors, biomimetics, catalytic chemistry, optical materials, molecular targeted drugs, solar cells and so on [2] [3] [4] [5] [6] [7] . The porphyrin ring with four pyrroles (shown in pink in scheme 1), as a conjugated system, is a common part of different porphyrin derivatives. Thus, different porphyrin derivatives have characteristic absorption in the UV-visible region, such as TPP (Tetraporphyrin): the simplest porphyrin with a strong narrow absorption peak (Soret band) near 420 nm and several weak absorption peaks (Q band) around 500 -700 nm. In order to expand the light absorbing ability of porphyrin derivatives, donor-acceptor (D-A) strategy and increasing the degree of conjugation are usually adopted to make absorption spectrum red-shifted to 300 550 nm, 600 1000 nm [8] .
In constructing the D-A large conjugated system, the following three methods are usually used: (1) thiophenes are widely used as one of the fragments by researchers because of their excellent electrooptical properties [9] ; (2) by transforming different acceptors, A series of new D-A structures of porphyrin conjugated derivatives [8] were obtained; (3) by using benzoporphyrin (shown in blue in scheme 1) [10] , it seems that the p-conjugated system is larger.
However, it is found that expanded D-A porphyrin complexes are difficult to synthesize, especially for the benzoporphyrin complexes. Up to now, there is little theoretical and experimental research on the expanded D-A benzoporphyrin complexes. In this work, we have investigated the frontier molecular orbitals, UV-Vis absorption spectra, charge transfer (CT) and triplet excited states of a series of unexploited expanded porphyrin/benzoporphyrin complexes which are D
porphyrin, as the donor unit; A ¼ anthraquinone/naphtoquinone/isoindigo as acceptors). Twelve molecules were selected for systematic comparison shown in scheme 1. This work will provide valuable information and theoretical foundation for the spectroscopic properties of porphyrin derivatives.
Computational details
All calculations were performed with Gaussian 16 program package [11] at Liaoning Shihua University with supercomputer. The density functional theory (DFT) [12] [13] [14] [15] and time-dependent DFT (TDDFT) 1(n = 0); 2(n = 1) 3(n = 0); 4(n = 1) 5(n = 0); 6(n = 1) 7(n = 0); 8(n = 1) 9(n = 0); 10(n = 1) 11(n = 0); 12(n = 1) Scheme 1. Structures of 1-12.
royalsocietypublishing.org/journal/rsos R. Soc. open sci. 6: 181199 [16] [17] [18] were calculated with the B3LYP [19] [20] [21] method while B3LYP functional has been widely used and comparatively accurate for porphyrin [22] [23] [24] [25] [26] [27] . We also tried several DFT functionals but there was little difference for the ground state geometries. 6-31G* [28] [29] [30] [31] [32] [33] basis sets were used for C, H, N and O atoms, and VDZ (valence double z) with SBKJC effective core potentials [34 -36] were used for Zn atoms. Frequency calculations were also performed to make sure that the geometries of ground state reached the minimum point on the potential energy surfaces. The calculated absorption spectra and related MO contributions were obtained from the TDDFT/singlets output file and gaussum2.2. [37] The electrode potentials and orbital energies were obtained from the DFT calculations with a method similar to that used by Namazian [38] . The model compounds were optimized before the TDDFT calculations. Only the relevant (stronger oscillator strength and wave function coefficients) molecular orbitals are shown. All computations were performed in THF environment without symmetry constraints. The predicted phosphorescence wavelengths were obtained by calculating the difference in the total energy between the optimized triplet state (T 1 ) and the optimized singlet state (S 0 ). This energy difference is equated to the T 1 -S 0 gap and can therefore be used to predict the phosphorescence wavelength of a compound [39] .
Results and discussion

Optimized geometric structures
The geometrically optimized structures of the porphyrin derivatives 1-12 are shown in the electronic supplementary material. 1 and 2 exhibit good planarity. The dihedral angle formed between porphyrin ring and anthraquinone is close to 08. Although a good planar structure is essential for communication and 5/6 is non-planar, electronic communication can also occur in the bridging NMe unit [40] . The isoindigo used in 9 and 10 is good acceptor. The dihedral angle between porphyrin ring and isoindigo is small (less than 208C), which denotes their good planarity and excellent electron delocalization properties. The common parent ring of 3-4, 7-8, 11-12, benzoporphyrin, is saddle-shaped (the two corresponding ends are facing up, and the other two are facing down). The benzoporphyrin parent ring is not on a horizontal surface, resulting in an overall no longer planar structure, which is not conducive to the delocalization of electrons.
The energy levels of the highest occupied molecular orbital (HOMO) and the lowest unoccupied orbital (LUMO) of 1-12 are shown in figure 1 . With the addition of thiophene and the use of benzoporphyrin, the energy level difference between HOMO and LUMO is decreasing, 3 (1.83) 4 (1.85) , 2 (1.92) , 1 (2.04); 7 (1.80) ,8 (1.83) 5 (1.83) 6 (1.84); 11 (1.79) , 12 (1.83) 10 (1.85) , 9 (1.89). It is inferred that the electrons are more likely to transit from HOMO to LUMO for a smaller gap and their corresponding absorption spectrum is more red-shifted; the ability to absorb visible light will also be enhanced. Although both the thiophene and benzoporphyrin can make the HOMO-LUMO gap narrow, the change is very small for 5-8 using naphtoquinone as acceptor. This result indicates that it is necessary to take into account the collocation between the acceptor and other fragments in design.
Optical absorption properties
The classic UV-Vis absorption spectra of D -A porphyrins can be divided into two characteristic absorption bands: the first band around 350 550 nm assigned to S 0 ! S 2 transition, and the second band (called CT band) of 600 1000 nm from S 0 ! S 1 transition. A band that is neither present in the spectra of the isolated donor nor in the acceptor is called a CT band and represents evidence for interactions between the donor and acceptor, and consequently witnesses the electronic communication across the backbone of the porphyrin complexes. The presence of CT bands always arises from molecular orbital (MO) overlaps through p-conjugation namely (but not exclusively). The energy gap is much smaller and the CT band is red-shifted. And it can be explained by a simple molecular orbital theory concept [41] . According to figures 2-4, all the l abs and main configuration of 1-12 show typical absorption characteristic of metalloporphyrins in the ultraviolet -visible (UV-Vis) region. The light-absorption ability and energy levels of porphyrin complexes can be modulated using different combinations of donor and acceptor units and conjugated strategy. Usually, expanded D -A conjugated systems are developed to possess broad and strong optical absorption, which can capture the solar irradiation as much as possible.
According to figure 2, with the insertion of thiophene in 2, the spectra undergo significant red-shift and broadening, from the initial 350 500 nm, 600 900 nm to 400 550 nm, 600 1000 nm, and the relative absorption intensity of CT band has a very obvious increase, indicating that the addition of thiophene is very beneficial to the red-shift and broadening of the absorption spectrum. Compared with 1, with the use of benzoporphyrin in the parent ring of 3, the overall absorption spectrum did not have an obvious red-shift; only the Soret band was red-shifted to approximately 50 nm, indicating that the benzoporphyrin ring did not effectively strengthen the actual degree of CT. The ring of benzoporphyrin presents a saddle shape, resulting in a non-planar overall structure and the degree of overall conjugation is weakened. On the basis of the structure of 3, the absorption spectrum of 4 is red-shifted by approximately 50 nm after the insertion of thiophene, further indicating that the thiophene fragment is favourable for the absorption of long-wavelength light.
Similarly, as shown in figure 3 , the relative intensity of CT band of 6, 8 shows an obvious increase compared with that of 5, 7, respectively, these absorption characteristics exactly come from the contribution of thiophene fragment in the structures of 6 and 8. The Soret band of 7, 8 shows a red-shift (68 nm, 100 nm) compared with 5, 6. However, the relative intensity of CT band of 7, 8 is weaker than that of 5, 6, respectively. Therefore, it is clear that benzoporphyrin mainly acts on the Soret band that is typical p ! p* transition of metal porphyrin, with no effect on the CT band.
As can be seen from figure 4 , the profiles of the absorption spectra of 9-12 here are also similar to that discussed in the preceding paragraphs. We find that 10, 12 has a red-shifted absorption spectrum relative to 9, 11, respectively. Thus, for the porphyrin complexes, the thiophene fragment is a more efficient group for improving the light-harvesting properties of long wavelength. By using benzoporphyrin instead of porphyrin ring, 11, 12 shows a 50 nm, 90 nm red-shift of Soret band compared with 9, 10, respectively, which leads to a broad spectrum in the short visible region (450 -600 nm).
Charge transfer
The representation of selected frontier MOs (HOMO24; HOMO23; HOMO22; HOMO21; HOMO; LUMO; LUMOþ1; LUMOþ2; LUMOþ3; LUMOþ4) for 1-12, their normalized distributions of the fragment orbital contributions, selected calculated positions of the pure electronic transitions, oscillator strengths ( f ) and their major contributions are provided in tables 1 and 2. A bar graph reporting f as a function of wavelength is shown in the electronic supplementary material. By applying an arbitrary thickness of 1000 cm 21 to the bar graph (blue) of the 100 first electronic transitions, calculated spectra are generated (figures 2-4). CT feature normally detected greater than 700 nm is noted in The atomic orbital contributions of the HOMOs are mainly composed of the C;C -[S] n -C;C-[B] n -[Zn] -C;C-[S] n -C;Cp-system for 1-4 (88%; 96%; 99%; approx. 100%); conversely, the LUMO exhibits An exactly similar situation is observed for the HOMOs of 9-12 where the atomic contributions are most computed on the C;C-[S] n -C;C-[B] n -[Zn] -C;C-[S] n -C;Cp-system (74%; 90%; 99%; approx. 100%), while the LUMO exhibits atomic contributions, respectively, centred on the p-systems of the isoindigo (60%; 48%; 66%; 62% for 9-12). Electronic transitions between HOMO ! LUMO lead to a moderate CT process. 
Triplet state
The transition metal [Zn] used in 1-12 makes the original forbidden triplet transition possible by spinorbit coupling effect, suggesting the possible presence of phosphorescence. The total energy difference between the lowest energy triplet excited state and the ground state is calculated to predict the phosphorescence wavelength by DFT. As a result, the theoretical phosphorescence wavelengths of 1-12 are between 1000 and 1200 nm (table 3) .
Conclusion
In summary, the frontier molecular orbitals, UV-Vis absorption spectra, CT and triplet excited states of a series of expanded D-A porphyrin/benzoporphyrin complexes were investigated by the DFT and TDDFT methods. From the above research, some concrete conclusions could be obtained: The thiophene fragment is very effective for producing strong CT band (S 0 ! S 1 ) that bring a red-shift and broadening of the UV-Vis absorption spectrum of this system. The benzoporphyrin is a saddleshaped structure, which does not contribute to the CT band but effectively to p ! p* transition (S 0 ! S 2 ). By using different acceptors (anthraquinone/naphtoquinone/isoindigo), the light-absorption ability, energy levels and the degree of the CT process can be modulated. The theoretical phosphorescence wavelength of this series of derivatives ranges from 1000 to 1200 nm. 
